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Available online 25 April 2014AbstractTo investigate the dynamics and environmental drivers of CO2 flux through the winter snowpack in a dwarf bamboo ecosystem
(Hokkaido, northeast Japan), we constructed an automated sampling system to measured CO2 concentrations at five different levels
in the snowpack, from the base to the upper snow surface. Using a gas diffusion approach, we estimated an average apparent soil
CO2 flux of 0.26 mmol m
2 s1 during the snow season (DecembereApril); temporally, the CO2 flux increased until mid-snow
season, but showed no clear trend thereafter; late-season snow-melting events resulted in rapid decreases in apparent CO2 flux
values. Air temperature and subnivean CO2 flux exhibited a positive linear relationship. After eliminating the effects of wind
pumping, we estimated the actual soil CO2 flux (0.41 mmol m
2 s1) to be 54% larger than the apparent flux. This study provides
new constraints on snow-season carbon emissions in a dwarf bamboo ecosystem in northeast Asia.
© 2014 Elsevier B.V. and NIPR. All rights reserved.
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It has been suggested that the rate of global
warming during the spring is greater than that in other
seasons, thereby shortening the duration of snow cover
in mid-latitude regions of the Northern Hemisphere
(Brown, 2000). This phenomenon could, in turn, affect
processes related to biogeochemical carbon and nitro-
gen cycling in terrestrial ecosystems (Brooks et al.,
2011; Kim et al., 2007; Williams et al., 1998).* Corresponding author. Present address: Institute of Low Tem-
perature Science, Hokkaido University, Sapporo 060-0819, Japan.
E-mail address: chmzhu@pop.lowtem.hokudai.ac.jp (C. Zhu).
1 Present address: Weather News, Inc., Chiba 261-0023, Japan.
http://dx.doi.org/10.1016/j.polar.2014.04.003
1873-9652/© 2014 Elsevier B.V. and NIPR. All rights reserved.Although snow-season air temperatures range from
20 to >0 C, subnivean soil temperatures can exceed
0 C as a result of snowpack insulation (Brooks et al.,
1997). The combination of warm soil temperature and
meltwater promotes high heterotrophic microbial ac-
tivity and elevated CO2 production through the
mineralization of soil organic matter (SOM) (Brooks
and Williams, 1999; Lipson et al., 2009; Schadt
et al., 2003; Zinger et al., 2009). Consequently, CO2
flux through the snowpack at mid to high latitudes and
altitudes is an important contribution to the annual
carbon budget (Bj€orkman et al., 2010; Grogan, 2012;
Welker et al., 2000). However, difficulties in access-
ing and working in these snowfield environments have
limited the study of this topic, resulting in fewer
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than during the growing season (e.g., Fang et al., 1999;
Morgner et al., 2010; Euskirchen et al., 2006).
Several approaches have been developed to estimate
CO2 fluxes from the snowpack, including those based
on concentration gradients, closed chamber measure-
ments, and eddy covariance methods (Bjorkman et al.,
2010). Of these, the concentration gradient approach,
pioneered by Sommerfeld et al. (1993), is the most
widely used (McDowell et al., 2000; Schindlbacher
et al., 2007). The method has three proven advan-
tages over other techniques: (1) it allows for contin-
uous sampling and long-term deployment of
instruments; (2) it is applicable to different ecosystem
structures, snowpacks, and terrains; and (3) it does not
disturb the natural soil microenvironment beneath the
snow. However, this approach can be affected by wind-
related pressure pumping, leading to systematic un-
derestimations of the CO2 flux on timescales of several
minutes to several hours (McDowell et al., 2000;
Suzuki et al., 2006). Multiple studies have confirmed
the presence of the wind-pumping effect, and a few
have estimated the corresponding decrease in the CO2
flux (Bowling and Massman, 2011; Suzuki et al.,
2006). Recently, Seok et al. (2009) evaluated the
concentration gradient approach using a multi-layer
sampling system, and found that wind-related pres-
sure pumping during midwinter decreased both snow-
pack CO2 concentrations and flux by as much as 57%.
Numerous studies have employed the concentration
gradient approach to explore CO2 fluxes from the
snowpack in a variety of ecosystems. However, tem-
poral variability, magnitudes of the flux, and control-
ling factors differ widely among studies. For example,
whereas some studies have documented minimal CO2
fluxes during midwinter, for example in boreal forests
(Hardy et al., 1995; Jones et al., 1999; Schindlbacher
et al., 2007; Zimov et al., 1996), others have found
that CO2 fluxes in boreal forests and the Arctic tundra
remain steady throughout the snow season (Mariko
et al., 2000; Sullivan et al., 2008). In Rocky Moun-
tain meadows, wetlands, and coniferous forests, CO2
fluxes increase during snowmelt events (Liptzin et al.,
2009; Mast et al., 1998; Sommerfeld et al., 1993,
1996). Studies in mid-latitude regions (40Ne60N)
have demonstrated that average carbon emissions
during the snow season range from less than
100 g C m2 in Japanese cool temperate forests
(Mariko et al., 2000) to 189 g C m2 in the Rocky
Mountains (Liptzin et al., 2009). The primary envi-
ronmental factors controlling subnivian soil CO2 flux
were found to be snow depth (Sommerfeld et al.,1996), soil temperature (Brooks et al., 1998; Monson
et al., 2006a,b; Sullivan, 2010), soil moisture (Liptzin
et al., 2009; Mast et al., 1998), and air temperature
(Kim and Kodama, 2012; Takagi et al., 2005).
Dwarf bamboo (Sasa app., Poaceae) is an evergreen
understory species found in the temperate forests of
northeast Asia (Numata, 1970; Umeki and Kikuzawa,
1999). In Hokkaido, Japan, dwarf bamboo occupies
90% of the forest floor and 60% of the total prefecture
area, and accounts for 30% of wood biomass (Seki,
2011). In a typical Hokkaido forest dominated by
Mongolian oak, dwarf bamboo accounts for 71% of the
total fine-root biomass (Fukuzawa et al., 2007). This
understory and below-ground dominance of dwarf
bamboo inhibits natural forest regeneration (Noguchi
and Yoshida, 2004). Furthermore, as a consequence
of the earlier onset snowmelt and decreased soil
moisture resulting from global warming, dwarf
bamboo has expanded its range in alpine snow
meadows by 26% over the last 32 years, and increased
its annual growth rate by 30%e150% in culms density
and 39 cm in rhizomes (Kudo et al., 2011). Takagi
et al. (2009) reported that dwarf bamboo fixes carbon
rapidly, restoring forest gross primary production
(GPP) to pre-harvest levels within a few years of clear
cutting, and contributes significantly to ecosystem
respiration (Re) via root respiration. However, little is
known regarding the carbon balance of dwarf bamboo-
dominated ecosystems during winter.
We examined soil CO2 fluxes beneath winter snow-
pack in a dwarf bamboo-dominated ecosystem in
Hokkaido, Japan. Our goals were (1) to identify the
magnitude and temporal variability of CO2 fluxes under
the snowpack in these ecosystems and (2) to investigate
the environmental factors influencing these patterns.
2. Methods
2.1. Site description
We conducted our study on Rishiri Island
(~182 km2), an area of protected natural habitat located
within the Rishiri-Rebun-Sarobetsu National Park. Mt.
Rishiri (1721 m), a Quaternary stratovolcano, lies at the
center of the island. Species found on the mountain's
western and southeastern flanks and on the summit
include Glehn's spruce (Picea glehnii), Jezo spruce
(Picea jezoensis), Todo fir (Abies sachalinensis),
Erman's birch (Betula ermanii), black alder (Alnus
maximowiczii), and dwarf Siberian pine (Pinus pumila)
(Haruki et al., 2004). The Rishiri Observatory (RIO)
experiment site is located at the foot of Mt. Rishiri,
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141120E, 40 m elevation). This area was clear cut prior
to the 1970s and subsequently replanted with Todo fir
(Abies Sachalinensis) to within ~100 m and ~20 m of
the RIO to the north and west, respectively. The
dominant vegetation today is dwarf bamboo, accom-
panied by graminoids and forbs. The soil type at the site
has evolved from Lithosol in the 1970s to brown forest
soil (Geographical Survey Institute of Japan, 1977,
1990). Mean monthly temperature for the period
1981e2010, recorded by a weather station located
approximately 17 km from RIO, ranged from 4.3 C
(January) to 19.8 C (August), while average annual
precipitation was 924 mm. The site typically is snow
covered from December to April, with maximum snow
depths of 100e150 cm.
2.2. Sampling and measurement system
To investigate interstitial CO2 and O3, we con-
structed and installed a multi-layer sampling tower on
10 December 2010 (Fig. 1a,b). To support the samplingFig. 1. Automated system for continuous CO2 and O3 measurements
in the interstitial air of a seasonal snowpack. (a) The sampling unit
(photo taken on 10 December 2010) and (b) a schematic diagram of
the system.tower, we built a frame consisting of a cylindrical rod
(140 cm long and ~3 cm in diameter) inserted perpen-
dicularly into the soil and a series of horizontal
branches (80e100 cm long) fixed centrally at heights of
10, 30, 60, 90, and 120 cm above the ground. Stainless
steel rods supported this frame. Teflon tubes with inner
and outer diameters of 4.35 and 6.35 mm, respectively,
were used to transfer air from the inlets to the O3 and
CO2 analyzers. The tubes, approximately 10 m in
length, were set at different heights and operated
independently of each other. Air-sampling inlets were
installed at each end of the horizontal rods. To prevent
the intake of snow melt, each inlet was fitted with a
25 mm hydrophobic PTFE (polytetrafluoroethylene)
membrane filter (0.2 mm pore size) in a polypropylene
housing (Acrodisc filter, Pall Life Sciences, Ann Arbor,
Michigan, USA) Wetting of the filter surface, which
potentially could affect CO2 and O3 concentrations, is
considered unlikely due to its hydrophobic property that
water molecules would not attach it (Seok et al., 2009).
Adjacent branches combining air-sampling inlets were
set perpendicular to one another in the horizontal di-
rection: branches at 10, 60, and 120 cm were oriented
east to west, while branches at 30 cm and 90 cm were
oriented north to south (Fig. 1a). Given that air would
be sampled from a sphere centered on each inlet, this
layout was adopted to maximize the distance between
inlets so as to avoid overlapping sampling radii.
During the sampling cycle, a group of solenoid
valves controlled via the I/O module (F3YC08-0C, FA-
M3, Yokogawa) was used to select the sample
sequence from between 10 and 120 cm height. Bi-
hourly sampling was conducted at each height level
for a duration of 5 min. A diaphragm pump inside the
O3 analyzer (Dylec Model 1100, precision within
1 ppb) drew the air which, prior to analysis, was passed
through an additional Teflon filter to remove water and
aerosols. Sampled air then was transferred from the O3
analyzer to the CO2 analyzer (Vaisala GMP343, pre-
cision within 3 ppm) via Teflon tubes with two sole-
noid valves. The flow rate into the CO2 analyzer was
0.2 L min1. For the final 60 s, O3 concentrations were
measured with the flow line to the CO2 analyzer
closed. During this process, the temperature and pres-
sure of the sample air within the CO2 analyzer cell
were approaching room level. Therefore measurements
of the sample air and the standard gases could be made
under similar conditions. The CO2 signal was inte-
grated over the final 30 s. The output voltage of each
analyzer was digitized by an analog I/O module
(F3AD04-5R, Yokogawa) and stored in a CPU module
(F3SP28-3S, Yokogawa). These data were transferred
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trations were corrected for humidity using the saturated
water vapor pressure at 0 C (i.e., the assumed snow-
pack temperature). A calibration system was adopted
using standardized CO2 at 1000 and 1500 ppm four
times daily (at 1:30, 7:30, 13:00, and 19:30 LT).
During auto-sampling, approximately 5 L of air per
inlet was transferred to the sampling lines for CO2 and
O3 analyses. Given that the mean snow density is
271.5 kg m3, each inlet would absorb the air from a
sphere with an 11.9 cm radius. Furthermore, because the
shortest distance between inlets was >60 cm (Fig. 1a),
the sampling radii of inlets at different heights did not
overlap. We used a planar diffusion equation, t ¼ d2/
4DC, to estimate the time required for the snowpack to
return to equilibrium after one sampling cycle (Bowling
et al., 2009; Nobel, 2005). The maximum diffusion time
t was estimated to be 37.6 min, with the estimated DC
(CO2 diffusion constant in the snow, described in sec-
tion 2.4) of 0.063e0.114 cm2 s1 and diffusion distance
d of 11.9 cm. Thus, the 120-min sampling interval was
sufficient for the snowpack diffusional gradient to
equilibrate.
During the 2009 winter season (December
2008eApril 2009), a simple sampling and measuring
system was constructed to measure CO2 and O3 at the
30 and 60 cm inlets at hourly intervals. Snow depth was
estimated according to the O3 change. In comparison
with the ambient level, O3 in the interstitial air of the
snowpack decreased abruptly (Bocquet et al., 2007).
Our observations for the period December 2008eApril
2009 indicate that 99.8% of hourly ambient O3 was
>30 ppb. In contrast, during the 2011 winter season,
when the snow depth measured by the graduated ruler
exceeded 60 cm, 94.7% of interstitial O3 was <20 ppb.
We consider the inlets buried when the O3 concentra-
tion was <20 ppb. We calculated CO2 fluxes on the days
when the snowpack was deeper than 60 cm. However,
because environmental parameters were not measured
during the 2009 winter season, these data were used
only to investigate diffusional CO2 fluxes and patterns.
2.3. Environmental monitoring system
In the winter of 2011, soil, snowpack, and air
temperatures were measured simultaneously. Other
measured environmental parameters include soil
moisture, snow depth, ambient air pressure, and wind
speed. Snow temperature at each sampling height and
soil temperature at 10 cm depth (expressed as 10 cm
in the following discussion) were measured with T-
type thermocouples. Since the maximum snow depthwas 105 cm, the measurement at 120 cm represents the
air temperature. The soil moisture at 5-cm depth was
measured as the volumetric water content (m3 m3)
using an EC-5 Soil Moisture Sensor (Decagon De-
vices, Pullman, Washington, USA); data were recorded
using an Em5b Data Logger (EL9476, Pullman,
Washington, USA). A graduated ruler was fixed
perpendicular to the surface to measure snow depth
(Fig. 1a) and a web-camera system was configured for
reading the snow levels. The camera inside the labo-
ratory read the snow depth eight times daily through a
transparent window. The ambient air pressure was
measured with a pressure transmitter (HD 9408TR
BARO, Delta Ohm, Padova, Italy). Wind speed was
measured at a tower located approximately 20 m from
the sampling site and ~13 m above the ground.
2.4. Flux estimation methods
Given the permeable nature of snow, gas movement
within the snowpack is thought to be dominated by
molecular diffusion. If the CO2 movement within a
unit area is unidirectional (upward) and the CO2 con-
centration gradient is known, the diffusional CO2 flux
(FCd, mmol m
2 s1) can be estimated using Fick's first
law of diffusion (revised according to Mast et al., 1998;
McDowell et al., 2000):
FCd ¼DC
 
vC
vz
!
Na ð1Þ
where DC (m
2 s1) is the CO2 diffusion constant in the
snow, vC=vz (mmol mol
1 m1) is the time-averaged
(overbar, 120 min) vertical CO2 concentration
gradient, and Na is the molar volume (mol m
3) used to
convert units of concentration (from ppmv to mol m3).
According to the ideal gas law (PV ¼ nRT,
R¼ 8.314 J K1 mol1), Na is calculated as n/V¼ P/RT,
where P is the ambient surface-level pressure and T is
the average temperature of the corresponding inlets. Eq.
(1) represents a one-dimensional model in which the
mass flow is upward (positive FC indicates emissions
out of the snow). Specifically, vZ is defined as the dif-
ference between the upper and lower snow layers (e.g.,
6030 cm ¼ 30 cm). DC is estimated by
DC ¼ ftDP0
P

T
T0
a
ð2Þ
where f denotes snow porosity, t denotes snow tortu-
osity, and D (0.1381  104 m2 s1) is the CO2 diffu-
sion constant in air at standard temperature and pressure
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represents the average temperature of the respective
inlet and P (pressure) is the surface-level ambient
pressure. The exponential coefficient a was set empir-
ically to 1.81 (Massman, 1998); 4 and twere calculated
using the snow density as 4¼ 1 rsnow/rice and t¼ 41/
3 (Mast et al., 1998), respectively, where rice is
917 kg m3. Due to difficulties accessing the field site,
the whole-layer snow density at RIO was estimated only
once in 2011, on day-of-year (DOY) 54, giving a value
of 290 kg m3 when snow depth was 94 cm. This es-
timate was replicated five times, following the protocol
developed by the Japanese Society of Snow and Ice
(2010). Due to similarities in climate and snowfall
patterns between RIO and Sapporo, snow-density esti-
mates for the remainder of the 2011 season were
extrapolated from twice-weekly measurements at Sap-
poro. A linear increase in snow density was observed
during the experimental period at Sapporo
(rsnow_Sapporo ¼ 2.48x þ 190.06, r2 ¼ 0.82; x is the
DOY, p < 0.0001). Using this equation, snow density on
DOY 54 was calculated as 324 kg m3. Based on the
linear difference between calculated and measured
snow density, the empirical equation was adjusted
(rsnow_RIO ¼ 2.22x þ 170.21) and then applied at RIO
for daily extrapolation of snow density. We found
estimated snow porosity to be similar to measured
porosity at a nearby site at Teshio, Hokkaido (Takagi
et al., 2005; see Discussion). As daytime air tempera-
ture at RIO occasionally rose above 0 C, freezing-and-
thawing and compaction probably occurred within the
snowpack, resulting in variations in snow density. To
minimize uncertainty due to these effects, we selected
the middle layer (30e60 cm) of the snowpack, where
freezing-and-thawing and compaction would have been
minimal, to represent average flux dynamics.
In addition to emissions to the atmosphere, CO2
emitted from the soil also is contained within the
snowpack. To incorporate this component, the storage
term (FCs, mmol m
2 s1) was estimated as
FCs ¼ vz
 
vCNa
vt
!
; ð3Þ
where vz (m) is the distance between inlets and vCNa=vt
(mmol m3 s1) represents the time-series changes in
CO2 at the corresponding inlets over time t (here 24 h).
As described above, Na is the molar volume (mol m
3)
for unit conversion. Daily FCs was obtained from a pair
of the inlets only when covered by snow. Finally, CO2
flux (FC) was calculated as the sum of FCd and FCs. It
was estimated that FCs generally was within 10% of FC.3. Results
3.1. Snowpack and soil properties
While continuous snowpack accumulation began on
DOY e12 of the 2011 winter season (20 December
2010) (Fig. 2a), the period of maximum snow thickness
began following a heavy snowfall on DOY 7, when
snow depth increased from 56 to 88 cm. Thereafter,
snow depth ranged from approximately 80e100 cm
until DOY 77. A maximum depth of 105 cm was
observed on DOY 46. After DOY 90, snow depth
dropped below 60 cm and continuous melting there-
after reduced the snowpack until it disappeared on
DOY 102. We consider DOY 7e90 (84 days) to
represent the major snow season, compared to the
entire snow season that lasted from 1 December 2010,
to 30 April 2011 (151 days).
Daily mean air temperature ranged from 11.3 C
(DOY 7) to 6.9 C (DOY 96), with a seasonal average
of 1.8 C (Fig. 2b). Hourly mean measurements
indicate that maximum daytime temperatures typically
exceeded 0 C after DOY 15. During the snowmelt
period (DOY 90e102), the daily mean air temperature
was 4.3 C.
Daily volumetric water content of the soil ranged
from approximately 0.21e0.43 m3 m3 (Fig. 2b)
throughout the entire snow season, and between 0.22
and 0.40 m3 m3 during the major snow season (DOY
7e90). Whereas soil temperature during the experi-
ment fluctuated within a small range (between 0.8 and
1.3 C), we observed large variations in daily atmo-
spheric pressure (975.5e1017.1 hPa) and wind speed
(1.6e7.0 m s1) (Fig. 2c).
At the beginning of the snow season, snowpack
temperatures were relatively low. For example, the
lowest temperatures (4.2 to 9.6 C) occurred be-
tween DOY 7 and 15, at a height of 60e90 cm above
the ground. Over the period DOY 7e90, the temper-
ature at the soil-snowpack interface remained close to
0 C (0.4e0.6 C), in agreement with the steady soil
temperatures observed over the same period (Fig. 2b).
Beginning on DOY 90, the snowpack warmed gradu-
ally, continuing until the end of the snowmelt period
(Fig. 2a).
3.2. CO2 concentrations and flux
The highest concentrations of CO2 occurred in the
deepest layers of the snowpack, close to the soil sur-
face (Fig. 2d), suggesting that CO2 was accumulating
in the permeable interstitial air. As the snow season
Fig. 2. Snow season environmental factors in the 2011 winter for (a) snow depth and snowpack temperature; (b) soil temperature (T_10 cm), air
temperature (T_120 cm), and soil volumetric water content (SWC); (c) wind speed (WS) and ambient pressure; (d) snowpack CO2 concentration;
and (e) CO2 flux estimated using the sampling inlets located 30e60 cm above ground level. The wintertime CO2 flux in 2009 also is shown in
panel (e).
Fig. 3. CO2 fluxes estimated using all possible inlet pairs and the
median values for the 2011 winter. The 10-cm inlet was not used due
to an intermittent malfunction of the solenoid valve.
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interface increased until midwinter (DOY 49e60)
and decreased thereafter. The maximum daily CO2
concentration (1617 ppm) occurred on DOY 60 at
30 cm, whereas the maximum hourly value (2175 ppm)
was observed on DOY 49 at 10 cm.
Fig. 3 shows the mean daily FC calculated using all
gradient-level pairs from 30 to 120 cm. The average
flux ranged from 0.26 mmol m2 s1 (30e60 cm pair,
88 available days) to 0.47 mmol m2 s1 (90e120 cm
pair, 8 available days). To assess similarities among
combinations, we calculated ratios of bi-hourly
measured FCd, and median values during the same
period (FCd/median) for each pair. The mean (lower or
upper) control limits of FCd/median were within a
factor of 1.5 (p < 0.001). Correlations also were
analyzed using linear correlations between two pairs.
Average linear-correlation coefficients ranged from
0.22 to 0.97 (p < 0.0001, n ¼ 96e1059) for all
224 C. Zhu et al. / Polar Science 8 (2014) 218e231combinations. A high degree of similarity was found
for fluxes calculated from inlets at different heights.
For the longest recorded pair (30e60 cm; 88 days), the
mean control limit of FCd/median was within a factor
of 1.1. Therefore, we used FC obtained from the
30e60 cm pair (FC_30e60 cm) to represent temporal
CO2 fluxes and to discuss the controlling environ-
mental factors.
During the 2011 snow season, FC_30e60 cm increased
until DOY 55 (FC increased by
0.005 ± 0.001 mmol m2 s1 per day, r2 ¼ 0.31,
p < 0.0001). Thereafter, no obvious trend emerged,
although we did observe short-term variation
throughout the snow season (Fig. 2e). In the dwarf
bamboo ecosystem on Rishiri Island, an average soil
CO2 flux of 0.26 ± 0.13 (1s) mmol m
2 s1
(0.27 g C m2 d1) was estimated for an 84-day period
of the major snow season, resulting in a total emission
of 22.4 g C m2. Extrapolated over the entire snow
season, carbon emissions totaled 40.0 g C m2, with
the maximum emission rate (0.66 mmol m2 s1)
occurring on DOY 55. A snowmelt event on DOY 56
caused the rapid release of CO2 from the snowpack,
resulting in a negative FCs and the estimated minimum
FC_30e60 cm (0.03 mmol m2 s1).
During the 2009 snow season, a total of 43 days
were available to estimate daily CO2 fluxes. Similar toFig. 4. Regression of daily CO2 fluxes for the 30e60 cm inlet pair with env
(a) soil temperature, (b) air temperature, (c) snow depth, and (d) soil volume
flux and each environmental parameter (n ¼ 82, p < 0.001).our 2011 observations, the CO2 flux during the 2009
season was variable, ranging from 0.03 mmol m2 s1
to 0.71 mmol m2 s1, and the greatest flux occurred
during the latter part of the season. The average flux
(0.27 mmol m2 s1) also was similar to that observed
during the 2011 snow season.
3.3. Environmental controlling factors
We regressed FC_30e60 cm against snow depth, soil
water content, soil temperature and air temperature for
days when the snow depth exceeded 60 cm (DOY
7e90) (Fig. 4). Snow depths of <60 cm, such as at the
beginning and end of the experiment, can introduce
errors when evaluating the factors controlling CO2 flux
and thus were not included. We found a significant
positive relationship between the rate of CO2 flux and
air temperature (r2 ¼ 0.15, p < 0.001). In contrast, we
observed no significant relationships between CO2 flux
and soil temperature, soil water content, or snow depth,
likely reflecting the minor variations of each of these
parameters.
3.4. Correcting the CO2 flux for wind-pumping effects
We investigated the effect of wind-related pressure
pumping on CO2 fluxes for the period DOY 7e15,ironmental parameters on days when the snow depth exceeded 60 cm:
tric water content. A linear regression fit was applied between the CO2
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formation of complex internal structures. During this
period, the soil temperature (0.8e1.4 C) and moisture
(0.32e0.40 m3 m3) remained relatively constant and
average wind speed was 4.0 m s1, although approxi-
mately half of the records indicated a wind speed
greater than 4.0 m s1. Values for vC=vZ at the
30e60 cm height and the diffusional CO2 fluxes were
compared to wind speed and ambient air pressure ob-
servations (Fig. 5aed). We discovered a positive 2nd-
order polynomial relationship between wind speed and
vC=vZ , corresponding to a negative relationship be-
tween wind speed and diffusional CO2 flux (n ¼ 108,
p < 0.0001, Fig. 5a, c). Moreover, significant positive
and negative correlations were found for the diffu-
sional CO2 flux regressed with vC=vZ and ambient air
pressure, respectively (n ¼ 108, p < 0.0001, Fig. 5b,Fig. 5. (aed) Wind and pressure pumping effects on the CO2 flux shown us
for the 30e60 cm inlet pair with wind speed and pressure during the perio
speed, (b) is the relationship between vc/vz and pressure, (c) is the relatio
relationship between diffusional CO2 flux and pressure. (e) and (f) Wind
lationships between daily CO2 fluxes and (e) wind speed and (f) pressure in
(n ¼ 88, p < 0.01, e and f) and a 2nd-order polynomial regression fit wasd). The intercept (0.34 mmol m2 s1) in the diffu-
sional CO2 flux and wind speed equation (Fig. 5c),
which represents the diffusional CO2 flux for no-wind
conditions, accounts for 222% of the averages
(0.125 mmol m2 s1) during this period. For average
wind speeds, the predicted diffusional CO2 flux
(0.123 mmol m2 s1) was comparable to the average
fluxes.
The pressure-pumping effect varied throughout the
snow season. By calculating the regression of wind
speed and pressure on FC_30e60 cm for each of the daily
means, we identified a weak but significant negative
linear relationship between the daily CO2 flux and
wind speed during the 2011 season (r2 ¼ 0.12,
p < 0.01, Fig. 5e). Additionally, we found a positive
relationship between daily CO2 flux and ambient air
pressure (r2 ¼ 0.15, p < 0.01, Fig. 5f). Using the CO2ing the relationships between bi-hourly vc/vz and diffusional CO2 flux
d DOY 7e15, where (a) is the relationship between vc/vz and wind
nship between diffusional CO2 flux and wind speed, and (d) is the
and pressure pumping effects on the CO2 flux shown using the re-
the snow season. A linear regression fit was applied to the daily data
applied to the bi-hourly data (n ¼ 108, p < 0.0001, aed).
Fig. 6. Diurnal variation in the (a) snowpack, soil, and air temperatures; (b) wind speed and ambient pressure; (c) snowpack CO2 concentrations;
and (d) soil volumetric water content and CO2 flux medians.
226 C. Zhu et al. / Polar Science 8 (2014) 218e231flux (FC) and wind speed (x) linear regression equation
(FC ¼ 0.0386x þ 0.406), the mean winter soil CO2
flux was corrected to 0.41 ± 0.05 (1s) mmol m2 s1
for no-wind conditions. This value is 54% larger than
the apparent value of 0.26 mmol m2 s1. Therefore,
the pressure-pumping effect, in association with wind
speed, resulted in a 35% underestimation of the
average CO2 flux. Once corrected for this effect, total
wintertime carbon emissions from the dwarf bamboo
ecosystem were 63.6 ± 7.1 (1s) g C m2 for the 2011
snow season.
3.5. Diurnal variability
We calculated the diurnal variability of environ-
mental parameters and CO2 flux using the medians for
each hour of the composite day during the major snow
season (DOY 7e90) (Fig. 6). On this scale, soilTable 1
Mid-latitude winter soil CO2 efflux from seasonal snowpack estimated usin
Site Location Vegetation
Colorado, USA 39040N, 105520W 50-year-old subalpine fir
Colorado, USA 40030N, 105350W Meadow and coniferous
Colorado, USA 40180N, 105400W Wetland and coniferous
Idaho, USA 4650N, 11650W 70-year-old coniferous
Gifu, Japan 3680N, 137260E Temperate deciduous
Hokkaido, Japan 42440N, 141310E Larch
Hokkaido, Japan 42590N, 141230E Deciduous broadleaf
Hokkaido, Japan 45070N, 141120E Dwarf bambootemperature remained nearly constant (0.9e1.1 C)
(Fig. 6a), while snowpack temperature was approxi-
mately 0 C between 0 and 30 cm. The amplitude of
diurnal variability increased toward the snoweair
interface, accompanied by decreased temperatures,
although air temperature generally exceeded 0 C from
10:00 to 14:00 (LT). A weak diurnal wind-speed cycle
was observed, with daytime highs and nocturnal lows,
while ambient air pressure also varied diurnally within
a narrow range (999.7e1001.7 hPa) (Fig. 6b). We
observed a diurnal cycle in CO2 concentration at
10 cm, exhibiting a midnight maximum and afternoon
minimum (Fig. 6c). This pattern weakened gradually
toward the snoweair interface. Soil moisture during
the major snow season remained within a range of
0.28e0.30 m3 m3 (Fig. 6d). Because the CO2 con-
centrations at 30 and 60 cm snow heights varied in
phase with one another, the CO2 flux, ranging fromg the concentration gradient approach.
CO2 efflux
(mmol m2 s1)
Corrected wind
pumping
Sources
0.31 No, low speed
during sampling
Hubbard et al. (2005)
0.71e0.86 No Liptzin et al. (2009)
0.17e0.36 No Mast et al. (1998)
0.65e0.84 No McDowell et al. (2000)
0.05e0.08 No Mariko et al. (2000)
0.56 No Liang et al. (2010)
0.53 Yes Suzuki et al. (2006)
0.41 Yes Current study
227C. Zhu et al. / Polar Science 8 (2014) 218e2310.24 to 0.28 mmol m2 s1, exhibited a negligible
diurnal cycle (Fig. 6d).
4. Discussion
4.1. CO2 flux and controlling factors
We estimated a soil CO2 flux of 0.41 mmol m
2 s1,
corrected for wind pumping, for the 2011 snow season.
This value is consistent with a flux of
0.45 mmol m2 s1, obtained using a Radon-222
inversion method at the same site (Inoue and Zhu,
2013), and also with estimates made elsewhere in
Hokkaido (Liang et al., 2010; Suzuki et al., 2006). In
contrast, our estimate from RIO exceeds that for a
temperate deciduous site in Gifu, central Japan, char-
acterized by intermittent and shallow snow cover
(Table 1) (Mariko et al., 2000). Such discrepancies in
CO2 flux and winter carbon emissions among Japanese
sites likely are attributable to differences in vegetation.
For example, whereas other sites are characterized by
deciduous or larch forests, RIO is characterized by
dwarf bamboo, much of which is snow covered in
winter. Furthermore, Lithosol-derived soils, such as
that at RIO, contain less SOM and are less productive
than soils found in mature forests.
Elsewhere, the corrected total winter emissions at
RIO (63.6 g C m2) are less than those estimated for
the Rocky Mountains of northern Idaho, USA, over a
2-month period (132 g C m2; McDowell et al., 2000).
Using a multi-layer system similar to that employed at
RIO, Liptzin et al. (2009) estimated total carbon
emissions between November and May of
156e189 g C m2 for meadow and coniferous sites
with continuous snow cover in Colorado, USA. How-
ever, this estimate, which is the highest value reported
to date, did not account for losses through wind
pumping (Seok et al., 2009).
We found that subnivean CO2 concentrations and
flux at Rishiri Island increased until midwinter (DOY
49e60), after which no clear pattern emerged. How-
ever, temporal patterns of subnivean CO2 flux
measured using the gas-diffusion method might vary
considerably depending on such factors as site loca-
tion, ecotype, and snow depth. For example, soil
respiration at Niwot Ridge, Colorado (40020N,
105330W, 3050 m elevation), increased in late winter,
following an anomalously early onset of snowmelt
(Monson et al., 2006a). Conversely, Schindlbacher
et al. (2007) reported that CO2 fluxes in the Northern
Limestone Alps, western Austria (47350N, 11380E,
910 m elevation), were highest in early winter anddecreased thereafter until the snowpack had melted.
Further investigations therefore are required in order to
determine the factors influencing winter CO2 fluxes.
Occasionally, we observed sharp decreases in the
CO2 flux followed by an episodic decrease in snow-
pack CO2 concentration (Fig. 2d and e). Such events
occurred on DOY 34e35, 52e56, 71e73, and 77e78.
Moreover, we note that for at least one day during each
event, mean daily air temperature was >2 C, while the
maximum daytime air temperature exceeded 5 C.
High temperature caused rapid snowmelt, especially
those close to darker surface such as the sampling
tower. Therefore, we suggest channels may have
formed along the stainless steel frame of the sampling
tower. These channels allowed CO2 to be advected
rapidly. For example, on DOY 55e56, when the largest
fluctuation occurred, the CO2 flux decreased from
0.66 mmol m2 s1 to 0.03 mmol m2 s1 in a single
day. We suggest this effect was related to rapid
snowmelt (12.5 cm on DOY 55) during the previous
day, when the mean daily air temperature increased
from <0 to 3.2 C, allowing interstitial CO2 to escape
to the atmosphere. Concurrently, convective flow
within the snowpack resulting from wind stress (e.g.,
Massman et al., 1997) might have exacerbated the
advection of CO2.
Several studies have suggested that subnivean CO2
fluxes can be predicted using soil temperature in the
range of 5 to 3.2 C (Brooks et al., 1997; Monson
et al., 2006a,b; Suzuki et al., 2006; Schindlbacher
et al., 2007) and also soil water content in the range
of 0.25e0.60 m3 m3 (Liptzin et al., 2009). However,
we observed no such relationships in the current study.
The environmental factors driving the subnivean CO2
flux often depend on the depth and duration of snow
cover (Brooks et al., 2011). For example, Liptzin et al.
(2009) proposed recently that a snow depth of ~120 cm
could insulate the soil, thereby maintaining a constant
temperature beneath the snowpack. However, due to
the small soil temperature and soil water content
ranges observed in our study, the variation was insuf-
ficient to generate a gradient for strong CO2 flux re-
lationships. Consistent with the RIO data, soil CO2
concentrations and respiration beneath snowpack in the
temperate deciduous Tomakomai Experimental Forest
(42.4N, 141.4E) varied widely despite constant soil
temperature (Hirano, 2005). Similarly, a weak rela-
tionship between soil temperature and the CO2 flux
was observed in the Rocky Mountains (Liptzin et al.,
2009; Mast et al., 1998). Thus, even with constant
soil temperature, the subnivean CO2 flux can fluctuate
considerably.
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flux. At the study site, the predominant vegetation
(dwarf bamboo) retains green foliage beneath the
snowpack, even during midwinter. Since soil moisture
remained relatively constant throughout the snow
season, variations in air temperature did not result in
continuous melting. However, air temperature might
affect the CO2 flux by influencing autotrophic respi-
ration below the soil surface. To investigate this po-
tential relationship further, we regressed bi-hourly
measured snowpack CO2 concentrations with air tem-
perature over the whole observation period in 2011.
Using an 8-h time lag, we identified a weak positive
linear relationship between air temperature and CO2
concentration at 10 cm (r2 ¼ 0.02, p < 0.001) and
30 cm (r2 ¼ 0.05, p < 0.0001) levels. The underlying
biological mechanisms responsible for this relationship
in dwarf bamboo-dominated ecosystems require
further investigation.
4.2. The wind pumping effect
The estimated CO2 flux, based on Fick's law of
diffusion, relies on the assumption that molecular
diffusion dominates the movement of CO2. In Eq. (1),
the diffusion coefficient is approximately
1  105 m2 s1. However, in estimates of soil CO2
flux through a snowpack, the pressure fluctuations
were found to cause trace-gas pumping flows in which
the corresponding rates were larger than those
observed by molecular diffusion (Massman, 2006).
This pumping effect has been attributed to the wind
(Albert and Shultz, 2002; Massman et al., 1997; Seok
et al., 2009). In the current study, we found a negative
correlation between wind speed and ambient air
pressure for both the daily means on DOY 7e90
(r2 ¼ 0.08, p < 0.01) and the bi-hourly means on
DOY 7e15 (r2 ¼ 0.12, p < 0.001). While this pattern
might relate to synoptic-scale atmospheric processes,
further investigation of pressure variations within
snowpack are required in order to constrain more
fully the physical processes controlling wind
pumping.
Wind speed and air pressure have been recognized
as dominant factors influencing estimates of CO2 flux
using the gas-diffusion approach (Seok et al., 2009;
Takle et al., 2004). In the current study, wind pump-
ing resulted in underestimation of the soil CO2 flux by
an average of 35% over the entire snow season.
However, for specific periods (e.g., DOY 7e15), this
value could be as high as 55%. Similarly, Seok et al.
(2009) suggested that wind-pumping might causecalculations of CO2 efflux made using Fick's law of
diffusion to be 36% lower than corrected estimates
made over a 1-month period in midwinter, while
Suzuki et al. (2006) reported a 30% underestimation.
Consequently, a protocol for accounting for the effects
of wind pumping is required for estimates of CO2 flux
when the gas diffusion method is applied.
4.3. Diurnal variation
The primary focus of most winter trace-gas-flux
studies was the seasonal-scale CO2 flux (Shi et al.,
2012; Sullivan et al., 2008; Wang et al., 2010).
However, very few studies reported diurnal CO2 flux
variation (Hirano, 2005). At RIO, bi-hourly mea-
surements allowed us to investigate the dynamics of
diurnal-CO2 flux variability. We observed a strength-
ened diurnal cycle of CO2 concentration near the
soilesnow interface, potentially resulting from wind-
related convective airflow in the snowpack. During
the day, relatively strong winds promoted the escape
of CO2 from the snowpack to the atmosphere
(Fig. 6b), resulting in minimum CO2 concentrations
during the afternoon. However, despite a clear diurnal
air-temperature cycle (Fig. 6a), variations in the CO2
flux from the soil were negligible (Fig. 6d). Among
the few records of diurnal CO2 flux variability, our
findings are similar to those of Mariko et al. (2000),
who observed no diurnal CO2 flux trend at the snow
surface. However, Hirano (2005) reported detecting a
diurnal cycle when the maximum topsoil respiration
occurred in the afternoon.
4.4. Sources of error
The principal source of error in our investigation
was the estimation of snow characteristics. Due to is-
sues of access, snowpack density patterns (henceforth
porosity and tortuosity) at RIO could not be measured
directly. Instead, we extrapolated these characteristics
from measurements made at nearby Sapporo. The
snow density was estimated to increase as the snow
season progressed and, if other factors remained con-
stant, higher snow density would result in a smaller
CO2 flux. Our estimated decrease in porosity from 0.84
to 0.57 was comparable to that observed in previous
studies. For example, based on 3-year measurements in
a mid-latitude (40N) part of the Rocky Mountains,
Mast et al. (1998) estimated a decrease in snow
porosity from 0.78 to 0.42. Similarly, at a site located
approximately 70 km from RIO, with similar envi-
ronmental characteristics to and temporal snow
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observed a gradual decrease in snow porosity from
0.75 to 0.56. Moreover, our estimate of snow tortuosity
(0.83e0.95) is within the range reported from the
Rocky Mountains using direct snow pit measurements
(0.75e0.94) (Massman et al., 1997).
Compaction of the snowpack potentially will result
in increased snow density and decreased porosity and
tortuosity within deeper layers. As a result, a lower DC
would occur in the deeper rather than the shallower
layers. Over the course of the 2011 major snow season,
the snow depth was 70e90 cm. Thus, we expect that
the snow density of the middle layers would be close to
the whole layer mean value. Our selection of inlets at
30e60 cm to examine temporal CO2 flux, therefore,
should minimize the error associated with snow
compaction, resulting in an average uncertainty of
10%e20%. In future studies, snow density at different
levels should be examined.
Intermittent freezeethaw events, which can form
ice lenses and layers within the snowpack, potentially
contributed additional error to our results. Although ice
lenses reportedly do not affect the movement of CO2,
ice layers are known to inhibit diffusion (Mast et al.,
1998; Schindlbacher et al., 2007). As ice layers and
lenses were not detected at RIO during the midwinter
(DOY 54) sampling of multi-layer snow for density
measurements, and because the CO2 fluxes estimated
with various gradient combinations are consistent, we
consider it unlikely that ice layers affected diffusion
during the present study.
4.5. Implications
Failure to account for winter carbon emissions
when estimating annual carbon budgets can result in
underestimation of the annual net ecosystem ex-
change (NEE) by as much as 71% in deciduous for-
ests and 111% in coniferous forests (Brooks et al.,
2005). Using an indirect approach based on the
Radon-222 flux and atmospheric Radon-222/CO2
concentrations, we found that winter (December to
early April) soil-carbon emissions contributed ~8% to
the annual Re at RIO (Inoue and Zhu, 2013). This
result is comparable to the 7e10% contribution re-
ported by Monson et al. (2006b). Thus, the CO2 efflux
from snowpack cannot be neglected in annual carbon
budget evaluations. As subnivean CO2 efflux was
positively related to air temperature, wintertime car-
bon losses in the annual budget in dwarf bamboo
ecosystems may increase under future climate-
warming scenarios.5. Conclusions
We employed an automatic sampling system to es-
timate soil CO2 fluxes from a dwarf bamboo ecosystem
in Hokkaido, Japan. Flux estimates were determined by
measuring a multi-layer CO2 concentration gradient in
the snowpack, followed by applying Fick's law of
diffusion and storage correction. CO2 flux increased in
the first half of the snow season but showed no clear
trend thereafter. Several pronounced drops in CO2 flux
occurred during the experiment and are associated with
warm temperatures. The diffusion-only CO2 flux rate
was 0.26mmolm2 s1 (0.27 gCm2 d1) during an 84-
day period with a moderate snow depth of 80e100 cm.
Air temperature, rather than soil temperature, is corre-
lated with the soil CO2 emission and flux, while the
wind-pumping effect caused a 35% underestimation in
the CO2 flux. If the wind-pumping effect is removed, the
corrected wintertime mean soil CO2 flux becomes
0.41 mmol m2 s1, which is comparable to an estimate
made using an inversion method at the same site. Owing
to heterogeneity in the CO2 flux from snowpack on
local-to-regional scales, additional observations are
required to obtain representative CO2 efflux values from
the dwarf bamboo ecosystem of northern Japan.
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